Abstract. 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG) is a water soluble, semisynthetic derivative of endotoxin that has anticancer effects. The aim of the present study was to determine whether 17-DMAG enhances the apoptosis of lymphoma cells in diffuse large B-cell lymphoma. Apoptosis was induced in SU-DHL-4 diffuse large B-cell lymphoma cells treated with 17-DMAG, as evaluated by MTT assay and flow cytometry analysis. Apoptosis-associated protein levels were assessed using western blotting, and the results indicated that B-cell lymphoma 2 (Bcl-2)-associated protein X (Bax) was upregulated, whereas heat shock protein family A member 5 (HSPA5) and Bcl-2 were downregulated. Additionally, staining with 5,5' ,6,6'-Tetrachloro-1,1' ,3,3'-tetraethyl-imidacarbocyanine iodide revealed that treatment with 17-DMAG decreased mitochondrial membrane potential in SU-DHL-4 diffuse large B-cell lymphoma cells. These results suggested that 17-DMAG is able to inhibit proliferation in diffuse large B-cell lymphoma cells in a concentration-dependent manner. The underlying mechanism may be that 17-DMAG induces oxidative stress, which inhibits the expression of HSPA5 and Bcl-2 and promotes the expression of Bax, leading to the apoptosis of SU-DHL-4 cells. Taken together, these results indicated that 17-DMAG may be an effective novel agent for the treatment of diffuse large B-cell lymphoma.
Introduction
Diffuse large B-cell lymphoma (DLBCL) is the most commonly diagnosed form of lymphoma in Western and developing countries, accounting for 40% of non-Hodgkin lymphoma cases among adults (1) (2) (3) . Conventional chemotherapy and bone marrow transplantations have a curative effect and are able to effectively improve the survival rates of patients with DLBCL, with some patients being completely cured (4) . Nevertheless, lymphoma relapse and drug resistance are a major challenge in clinical practice (5) . In order to improve the therapeutic efficacy and reduce negative impacts of treatment, a combination of techniques are typically used to treat the disease (6) .
It has previously been reported that heat shock protein 90 (HSP90) has a notable role in tumor development; it has therefore become a novel target for tumor therapy (7) . HSP90 regulates the stability, translation, degradation and function of its client proteins via an adenosine 5'-triphosphate (ATP)-regulated mechanism (7) . Unlike other HSPs, HSP90 has ~200 cellular target proteins (8) (9) (10) . HSP90 inhibitors, such as 17-dimethylaminoethylamino-17-demethoxy geldanamycin , are a group of small molecules that interact and inhibit the activity of HSP90 dimers (11, 12) . 17-DMAG is able to inhibit the chaperone activity of HSP90 via competing with ATP for its binding site, leading to the misfolding of cellular client proteins, including RAF proto-oncogene serine/threonine-protein kinase, mutant TP53 proteins, proto-oncogene tyrosine-protein kinase Src, receptor tyrosine-protein kinase-2 and the nuclear receptor subfamily 3 group C member 1, which results in protein degradation and destabilization via the proteasomal pathway (13). 17-DMAG is able to suppress tumor growth by inhibiting HSP90, which affects the degradation of key proteins involved in multiple signal transduction pathways, thus inhibiting cell proliferation and inducing cell apoptosis (13) . The effect of 17-DMAG on DLBCL cells is not completely understood and so there is a requirement for further experimental and clinical studies to determine its value in clinical practice. The purpose of the present study was to determine the effect of 17-DMAG on DLBCL, whether 17-DMAG is able to induce apoptosis in DLBCL cells and the underlying mechanisms responsible. 15 µl MTT reagent at 37˚C for 4 h, and dimethyl sulfoxide was added to dissolve the formazan crystals. An ELI plate reader (Spectra Max M2; Molecular Devices LLC, Sunnyvale, CA, USA) was used to measure the optical density of each well at 570 nm. Finally, the cell survival rate was calculated using the following formula: Cell survival rate (%) = (experimental group A value -zero set A value) / (control group A value -zero set A value) x 100.
Materials and methods

Cell
Assessment of apoptosis using propidium iodide (PI) staining.
The apoptotic rate of the SU-DHL-4 cells was analyzed using PI. Cells in a 6-well plate at a density of 3x10 5 cells/well were treated with different concentrations of 17-DMAG (0, 25, 50, 100 and 200 µmmol/l) for 24 h at 37˚C. At the end of the treatment, cells were washed with cold PBS and fixed overnight with alcohol solution at 4˚C. Then the fixed cells were washed twice with PBS, stained with PI solution (5 mg NaC 6 H 5 PI, 0.1 g 100 triton-100 and 100 µl ddH 2 O) for 30 min at 37˚C in the dark according to the manufacturer's protocol (BBI Life Science Corporation, Shanghai, China). Finally, ≥7,000 events per sample were acquired using a flow cytometer. CellQuest Pro software, version 3.0 (BD Biosciences, Franklin Lakes, NJ, USA) was used to analyze the results of the flow cytometer analysis.
Western blot analysis. Western blot analysis was performed to detect the protein expression levels of Bax, Bcl-2 and HSPA5. Proteins were extracted from the DLBCL cells treated with 17-DMAG and from untreated control cells. The cells were plated in 6-well culture dishes at a density of 6x10 5 cells/well. The harvested cells were then lysed on ice for 30 min in 100 ml of lysis buffer [120 mmol/l NaCl, 40 mmol/l Tris (pH 8), 0.1% NP40] and centrifuged at 8,600 x g for 30 min at 37˚C. The bicinchoninic acid assay method (BCA1-1KT, Sigma Aldrich; Merck KGaA) was used to determine the protein concentration of the samples. Protein samples (20 µg/lane) were resolved using 10% SDS-PAGE and blotted onto polyvinylidene difluoride membranes. The membranes were subsequently incubated with the appropriate primary antibodies against Bax (1:1,000), Bcl-2 (1:1,000) and HSPA5 (1: 1,000) to detect each the proteins of interest separately at 4˚C overnight. β-actin (1:1,000) was used as a loading control. After being washed with PBS, the membranes were incubated with peroxidase-conjugated secondary antibodies (ab6728, Abcam, Cambridge, UK) for 2 h at room temperature. Finally, the detected protein bands were visualized using an Immobilon Western Chemiluminescent HRP Substrate kit (Merck KGaA) and the ImageQuant LAS 4000 software (GE Healthcare Life Sciences, Little Chalfont, UK). Statistical analysis. All statistical analyses were performed using one-way analysis of variance with least significant difference test on SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). All results were expressed as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
17-DMAG suppresses the proliferation of DLBCL cells.
The anti-proliferative activity of 17-DMAG was evaluated in the DLBCL cell line, SU-DHL-4. Cells were treated with different concentrations of 17-DMAG for 48 h, and then cell viability was analyzed using an MTT assay. The results revealed that 17-DMAG inhibited the proliferation of SU-DHL-4 in a dose-dependent manner (Table I; P<0.05 vs. 0 µmol/l.). The proliferation of SU-DHL-4 cells was also decreased in a time-dependent manner by 17-DMAG treatment ( Fig. 1 and Table I ; P<0.05 vs. 0 h).
17-DMAG treatment induces apoptosis in DLBCL cells.
The effect of 17-DMAG on apoptosis in SU-DHL-4 cells was evaluated to further characterize its antitumor activity. Cells were cultured with 17-DMAG at different concentrations for 24 h and stained with PI, following which the proportion of PI positive cells was measured using flow cytometry. The results revealed that the apoptosis of SU-DHL-4 cells was induced by 17-DMAG in a dose-dependent manner ( Fig. 2; P<0 .05 vs. 0 µmol/l).
Cell apoptosis is induced by 17-DMAG via the mitochondrial pathway.
In order to determine whether 17-DMAG induces apoptosis through the activation of the mitochondrial apoptotic pathway, the expression levels of several proteins involved in the mitochondrial apoptotic pathway were measured using western blot analysis. The levels of Bcl-2 family members were detected following treatment with 17-DMAG for 24 h. The expression levels of anti-apoptotic proteins Bcl-2 were increased and HSPA5 were reduced following treatment with 17-DMAG, whereas levels of the proapoptotic protein Bax were constant (Fig. 3) . Taken together, these results suggest that 17-DMAG induces apoptosis in DLBCL cells via the mitochondrial apoptotic pathway.
17-DMAG alleviates changes in MMP.
MMP is an important determinant of early apoptosis (14) . Accordingly, MMP was measured in DLBCL cells using JC-1 staining. In living DLBCL cells, JC-1 aggregates in the mitochondria and emits red fluorescence, whereas, in apoptotic DLBCL cells, JC-1 is a green fluorescence monomer and accumulates in the cytosol (15) . The ratio of red to green fluorescence reflects the intensity of MMP. In the control group, cells appeared orange-red (Fig. 4) . In comparison, green fluorescence was more intense and red fluorescence was decreased in cells treated with 17-DMAG, indicating a decrease in the MMP. In the presence of 17-DMAG, the green fluorescent intensity was decreased, whereas the red fluorescence was increased. These results suggest that the 17-DMAG neuronal protective effect against cell apoptosis is achieved via the mitochondrial pathway.
Discussion
In the search for a novel, effective and safe pharmacological agent of natural origin for the treatment of cancer, the effect of 17-DMAG extract on apoptosis in SU-DHL-4 DLBCL cells was assessed. The results indicated that 17-DMAG exerts antiproliferative and proapoptotic effects on SU-DHL-4 cells via decreasing cell viability in a dose-dependent manner. The intrinsic or mitochondrial pathway is recognized as one of the major apoptosis signaling pathways. Specifically, the intrinsic pathway comprises mitochondria-dependent processes that result in decreasing Bcl-2 levels and activation of Bax (16) . The present study focused on the molecular changes that occur early in the intrinsic apoptotic pathway, and it was observed that 17-DMAG causes a rapid decrease in the MMP.
Mitochondria serves an essential role in the intrinsic apoptotic pathway, which is mediated through amplification factors, including second mitochondria-derived activator of caspase, cytochrome c and apoptotic inducer factors, and the execution of this pathway is achieved hby regulating the Bcl-2 family of proteins (17) . The proapoptotic members, including Bax and Bcl-2 homologous antagonist killer, and their antiapoptotic counterparts, including Bcl-2 and Bcl-2-like 1, typically maintain the balance (18) . Bax translocates to the mitochondria and triggers the mitochondrial outer membrane potential, which facilitates the downstream apoptotic signaling assembly of pro-apoptotic factors in the apoptotic signal transduction pathways (19) . In contrast, Bcl-2 overexpression blocks Bax from the mitochondria, thus inhibiting apoptosis (20) . This is consistent with the results of the present study. 17-DMAG-induced apoptosis in SU-DHL-4 cells is associated with the downregulation of the BCL2 gene, whereas the upregulation of Bax gene expression indicates the involvement of the MMP.
The endoplasmic reticulum (ER) stress response has been demonstrated to be important for the growth and development of tumors under stressful growth conditions, including hypoxia and glucose deprivation, which are commonly encountered by the majority solid tumors (21). HSPA5 is a major ER stress-regulated protein that is involved in ER stress-induced apoptosis (22) .
HSPA5 is a major regulator of the unfolded protein response and an ER-resident chaperone. Increasing evidence has indicated that HSPA5 is highly expressed in many tumor cell lines, and contributes to the invasion and metastasis of various human tumors (23) . In addition, HSPA5 downregulation can lead to the detection of the ER stress-inducing anticancer therapies (21) . The results of the present study indicated that the downregulation of HSP5A in SU-DHL-4 cells affects cell viability, whereas the activation of Bax abolishes the expression of Bcl-2. Previous studies have revealed that HSPA5 directly regulates the expression of target genes that lead to cell death or apoptosis in a p53-dependent or independent manner in cancer cells under ER stress (23, 24) . The present study demonstrated that 17-DMAG activates Bax and downregulates the expression of Bcl-2 and HSPA5 in SU-DHL-4 cells. The effect of 17-DMAG may be achieved via a reduction in the activity of Bcl-2 and the maintenance of activity of Bax. During the MMP, the suppression of HSPA5 expression may inhibit ER stress. The results of the present study indicated that 17-DMAG serves a role in SU-DHL-4 cell apoptosis.
In conclusion, 17-DMAG induces apoptosis via the MMP pathway and blocks the ER stress pathway. Therefore, 17-DMAG may have potential as an effective therapeutic agent for DLBCL, although further study is required.
